Abstract mRNA transcript levels of 38 genes from Saccharomyces cerevisiae were investigated during attempted spheroplast regeneration. Many of the genes selected are involved in cell wall biosynthesis. Spheroplasts did not regenerate into osmotically competent cells during the experiment. However, at a mRNA level, the quantities of transcripts were altered between the experimental and control populations. KRE11, EGT2 and MSS10 had their transcript levels increased by more than 10-fold during attempted spheroplast regeneration. A further six genes, FLO1, TIR1, SED1, HKR1, YGR189 and MUC1, showed transcript level increases of at least 5-fold. Five genes showed a change in transcript levels from an undetectable level to a detectable level: SKT5, KRE1, KRE5, SEC53 and DHS1. PMT2 showed a rapid decrease in mRNA levels followed by an increase to the basal level. Thus, cell stress genes, biosynthetic genes and some glycosylphosphatidylinositol-anchored cell wall proteins have their transcript levels increased in regenerating spheroplasts, but their transcription was not sufficient to initiate the replacement of the cell wall in liquid medium. ß
Introduction
The completion of genome sequencing of the ascomycete Saccharomyces cerevisiae and the availability of genome and proteome databases (reviewed in [1] ) have facilitated enormous growth in the investigation of yeast genetics. DNA arrays are available which allow for hybridization of nucleic acids against every yeast gene and thus, gene expression can be monitored under various conditions [2] . However, selective analysis of sets of genes allows for a cost-e¡ective alternative to screening against every gene. Using in silicio analysis, a set of proteins expected to be cell wall-localized has been described, with the genes containing sequences encoding a Nterminal secretion signal, a serine/threonine rich region (glycosylation site) and a glycosylphosphatidylinositol (GPI) attachment signal [3] . Gene fusion analysis of these has demonstrated that 14 of these are actual cell wall members [4] .
De novo synthesis of a cell wall can be examined using cells denuded of their cell walls by spheroplasting and then permitting regeneration in osmotically stabilized medium to form osmocompetent cells. In contrast to many other fungi (e.g. Candida albicans, Schizosaccharomyces pombe, Aspergillus nidulans) which regenerate from a spheroplasted state to osmotically stable cells in liquid media [5^7], S. cerevisiae undergoes very limited cell wall regeneration, with cells not being known to recover osmocompetency from spheroplasting in liquid media [8] . In C. albicans, for example, biochemical analysis of regeneration showed it to occur sequentially, initiating with a chitin skeleton synthesized over the cell surface and, subsequently, other cell wall components attached [5] .
This experiment was designed to allow for the investigation, at a transcriptional level, into whether S. cerevisiae attempts spheroplast regeneration and fails or if most cells fail to attempt regeneration at all. To address this, we selected 38 open reading frames (ORFs), predominantly those encoding proteins of a predicted cell wall location or involved in cell wall biosynthesis, and we analyzed mRNA levels during attempted cell wall regeneration.
Materials and methods

Strain and growth conditions
S. cerevisiae INVSc1 (MATa/K his3v1 leu2 trp1-289 ura3-52) (Invitrogen, Carlsbad, CA, USA) was used in this experiment and maintained on YPD (2% glucose (w/v), 2% peptone (w/v), 1% yeast extract (w/v)) containing 2% agar (w/v) plates, subcultured every month, grown at 30³C and stored at 4³C.
Preparation of spheroplasts and regeneration conditions
Cells were grown to the mid-exponential phase of growth in 500 ml YPD medium supplemented with 0.6 M KCl at 25³C with shaking at 180 rpm. The cells were then spheroplasted as described previously using Zymolyase 100T (Seikagaku, Ijamsville, MD, USA) in 50 mM potassium citrate, 50 mM potassium phosphate, pH 8, with 0.6 M KCl as an osmoticum at 30³C for 1 h [9] . The cells were then washed twice in bu¡er (50 mM potassium citrate, 50 mM potassium phosphate, pH 8+0.6 M KCl) to remove the enzyme and resuspended in YPD+0.6 M KCl to allow for spheroplast regeneration, at 25³C with shaking at 50 rpm. The extent of spheroplasting was monitored periodically by examining the cells microscopically in 0.05% (w/v) sodium dodecyl sulfate (SDS), with spheroplasted cells lysing. A negative control of S. cerevisiae without addition of the Zymolyase was also incorporated.
Construction of gene ¢lter
The ORFs (Research Genetics, Huntsville, AL, USA) used in this experiment are listed in Table 1 . The ORFs were alkali-denatured with 0.1 M sodium hydroxide for 0.5 h at 37³C. These single-stranded DNAs were then blotted onto a nylon membrane (Hybond NX, AP Biotech, Piscataway, NJ, USA). Ten ng of each ORF was transferred onto each membrane. Control spots of genomic DNA were also added. The DNA was ¢xed onto the membrane by heat (80³C, 0.5 h). The gene ¢lters were kept moist in 75 mM sodium chloride, 7.5 mM sodium citrate (0.5USSC) between hybridizations. The ORFs were blotted in the order shown in Fig. 1 .
Extraction and labelling of mRNA from cells
Total RNA was extracted from yeast cells by the hot acidic phenol method [10] . mRNA was puri¢ed from the total RNA using activated oligo-dT cellulose (Amresco, Solon, OH, USA). Five-hundred ng of mRNA was labelled using reverse transcriptase (SuperScript II, Gibco Life Technologies, Rockville, MD, USA) and [K- 32 P]dCTP (NEN, Boston, MA, USA). Unincorporated nucleotides were removed using a gel ¢ltration column (Centrisep, Princeton Separations, Adelphia, NJ, USA). The probe was labelled to give a speci¢c activity of approximately 1U10 8 cpm Wg 31 .
Hybridization to gene ¢lters
The ¢lters were pre-hybridized in Hybrisol 1 solution (Intergen, Purchase, NY, USA) with 2 Wl of 0.5 mg ml 31 poly dA (Research Genetics) for at least 1.5 h at 42³C. The labelled probes were denatured at 100³C for 3 min and added directly to the hybridization mixture. The probes were allowed to hybridize overnight at 42³C. The gene ¢lters were washed to remove non-speci¢c binding using 0.3 M sodium chloride, 30 mM sodium citrate (2USSC)+1% SDS (w/v) at 50³C for 0.5 h twice and then a room temperature wash with 0.5USSC+1% SDS (w/v). The ¢lters were then wrapped in SaranWrap and exposed to X-ray ¢lm. The developed ¢lms were analyzed by densitometry (Visage2000 gel documentation system, Bioimage, Ann Arbor, MI, USA) to quantify the mRNA levels of each gene and the transcription levels calculated relative to the control DNA dots for each ¢lter.
Blots were stripped of probe by immersing the ¢lters in boiling 0.5% SDS (w/v) and allowing the liquid to come to room temperature. This was repeated and the ¢lters were checked for radioactivity. Further strippings were incorporated if necessary to remove all traces of probe. Complete stripping was con¢rmed by exposing the ¢lters to X-ray ¢lm. Column 1 represents the numbers on the gene ¢lters (in Fig. 1 ). The table is, in part, extrapolated from [4] . 1rknown GPI dependent cell wall protein; 2rputative GPI dependent cell wall protein; 3rcell wall glucan synthesis gene ; 4rknown GPI-anchored plasma membrane proteins ; 5rcell wall (and cytoplasm)-located gene product.
Results
E¤ciency of spheroplasting and recovery of spheroplasts
Spheroplasting with Zymolyase 100T caused over 99.5% of the cells to spheroplast. This is comparable to other reports [8] . The recovery of spheroplasts to viable cells was monitored. Six percent of cells recovered after 9 h and there was no further recovery up to the end of the experiment (24 h recovery). This poor recovery is comparable with other observations [8] and growth of the small, unspheroplasted complement in the regeneration medium may account for some of this observed`recovery'.
Initial mRNA levels
Fig . 1A shows the levels of transcripts prior to spheroplasting. Strong hybridization to the genomic DNA of S. cerevisiae (sc) and (less strongly) to C. albicans (ca) was observed, as expected, indicating that radioactive cDNA probes were being produced. Transcripts to several genes were detected during this exponential growth phase. PMT2, encoding a phosphomannosyltransferase (¢lter position 1) was hybridized to strongly, suggesting that cell wall synthesis is occurring as these cells grow and bud. Also detected were the mRNAs for the £occulins MUC1 (position 18) and FLO1 (position 2) and the gene PRY3 (position 19). The cell wall stress gene (MTL1, DHS1, SLG1) transcripts were not detected.
Transcription of genes during spheroplast recovery
Fig. 1B,C shows the mRNA transcript levels at 1 and 10 h into attempted spheroplast recovery. The quantity of PMT2 mRNA decreased 20-fold after 0.5 h (Fig. 2) and then increased back to its original levels at 1 h. The fold increases in mRNA levels for the other genes are shown in Fig. 3 (with only the genes showing di¡erences between the experimental and control (non-spheroplasted cells in recovery medium, data not shown) shown). Three genes had their transcript levels increased dramatically (at least 10-fold change) by the attempted spheroplast recovery: KRE11, a L-glucan synthesis pathway gene, EGT2, a cell cycle regulator, and MSS10, a transcriptional activator. These high RNA levels were detected 1 h into the recovery and declined after 2 h to basal levels. A further six genes had their mRNA levels increased at least 5-fold: FLO1, TIR1, HKR1, YGR189, MUC1 (all at 1 h) and SED1 (at 2^5 h, data not shown).
Five transcripts were detected at a low level from à 0' background: SKT5 and KRE1, KRE5, SEC53 and DHS1 (all at 1 h). Some transcripts, for example KRE1, SEC53, were visible only on overexposing the ¢lm and are thus not visible in Fig. 1 . The remaining gene transcripts were not a¡ected greatly by the spheroplast regeneration (changes in levels less than 2-fold or not detected throughout during the experiment).
Reproducibility of gene ¢lter results and internal standards
The reproducibility was investigated 2-fold. One ¢lter was probed with cDNA from the 0.5-h time point on the ¢rst use of the ¢lter and again with cDNA on the last use of the ¢lter and the hybridizations were compared. The hybridizations were similar and showed no degradation (loss of signal) owing to the strippings and processing of the ¢lter throughout the experiment. Additionally, at the 1-h time point, two separate mRNA populations were extracted and labelled and hybridized to separate ¢lters. Again, similar results were obtained. These controls indicate that the experiment yields reproducible quanti¢able results. A background`noise' level was estimated to be a 2-fold variation in gene levels. Table 1 ). scrS. cerevisiae genomic DNA, carC. albicans genomic DNA, ca2rC. albicans genomic DNA, 1/10 dilution, 3rno loading. The ORFs were alkali-denatured, blotted onto the ¢lters and heat-¢xed on the nylon. The ¢lter was probed with labelled mRNA as described in Section 2. Filter hybridizations were performed in duplicate, from separate populations of spheroplasted cells and gave comparable results (data not shown).
As internal loading controls, three gene transcripts were investigated, EFT2, AGalpha1 (SAG1) and SSA1. The SSA1 gene transcript level was constant throughout the study. EFT2 showed minor £uctua-tions (Fig. 2) . These results were similar to transcript levels reported during growth of S. cerevisiae and its variations throughout the cell cycle [2] . The use of AGalpha1 as a standard was incorporated into the study as a cell wall gene standard, whose transcription (in a diploid) would be unexpected and as thus acts as a control for stringency. No hybridizations to this ORF were detected during the study.
Filter standardizations
The ¢lters were standardized for loading by probing with 32 P-labelled S. cerevisiae genomic DNA, which gave signals approximately proportional for each ORF size (data not shown). Thus, equal amounts of DNA were shown to have been loaded Fig. 3 . The fold increases in mRNA levels in spheroplasts of S. cerevisiae from the initial levels to levels after 1 h in regeneration medium. Only the genes with a greater than 2-fold increase in amount of transcript during the experiment are shown. SSA1 is also shown : no increases/decreases in its transcription were detected. Fig. 2 . The fold decrease in mRNA levels of the gene PMT2 during the attempted recovery from the spheroplasted state in S. cerevisiae. The level of mRNA at 0 h is shown as one, normalized to the intensity from the genomic DNA control spot on the gene ¢lters, and the subsequent time points show the variations from this level, where they di¡er from the control (non-spheroplasted) cells. The decreases in mRNA levels for the control genes SSA1 and EFT2 are also shown. The data shown are from a single experiment and representatives of the pro¢les observed in the duplicate.
to the ¢lter. In addition, quanti¢cation requires that the probe is in a limiting concentration with respect to the ¢lter ORFs. This was demonstrated to be the case by using di¡ering quantities of DNA (using the PMT2 ORF) on the ¢lter, which yielded a similar signal strength between 1 and 10 ng of loaded DNA (data not shown) with a labelled cDNA.
Validation of dot-blot results representing a single transcript species
The use of dot-blots as opposed to Northern blots raises the possibility of di¡erent transcripts hybridizing to the ORFs on the ¢lter. This was demonstrated not to be the case by in silicio analysis, which reveals no close homologues. Hybridizations of FLO1 against FLO9 (79% homology), TIR1 against TIR2 (70% homology) and KRE6 against KRE11 (low homology) showed that the closest homologue would not hybridize to the ORFs under the experimental conditions (data not shown).
Discussion
The ¢rst observed e¡ect in mRNA levels was a reduction in the amount of the PMT2 transcript at 0.5 h recovery, followed by, at 1 h, the increase in a battery of transcripts, when compared to the control cells. Pmt2 is involved in mother/daughter budding and so is under cell cycle control [11] . An additional e¡ect of spheroplasting, as a consequence of the removal of the cell wall, is to arrest cell budding and so, this may explain the transient decrease in PMT2 transcript levels, as shown in Fig. 2 .
Two cell stress genes were activated, DHS1 and MSS10. DHS1 had its transcript level increased, its protein detects cell wall integrity. The dramatic increase in MSS10 (also called MSN1) mRNA levels (50-fold), a transcriptional activator for cell stress genes (SNF1-related), suggests that a stress response was activated during the attempted regeneration from the spheroplasted state. Mss10 is known to regulate MUC1 [12] , whose transcript levels increased during the experiment. Conversely, another two stress gene mRNAs, MTL1 and SLG1, were not upregulated detectably during the experiment. Thus only some of the cell wall stress genes were transcribed (within the limits of detection) during the attempted recovery.
Some members of the serine rich proteins (SRP) protein family are known to be induced by temperature shifts and reduced oxygen tension [13] . In this experiment, TIR1 (known to be induced by cold shock and anaerobic conditions), a GPI-anchored cell wall SRP encoding gene, showed increased mRNA levels. This gene's mRNA levels have been shown to be independent of the growth phase [2] . Another of the SRP family members, TIP1, did not show altered transcript levels, showing di¡ering responses within the SRP family to spheroplasting. mRNA levels of TIR1 were increased by the spheroplasted state. It may be that the cell senses its denudation in the same way as cold shock (through plasma membrane stress). EGT2, a cell wall-located cell cycle regulator involved in glucan metabolism (and hence mother/daughter separation), showed increased mRNA levels. This gene is also known to have its transcript levels increased in the stationary phase [2] and to be transcribed only at the end of mitosis/early G 1 [14] , thus another state (spheroplasted) has been shown to regulate the mRNA levels of this gene.
The increases in mRNA transcript levels are transient, with mRNA levels having declined by the 2-h sample point (with the exception of SED1, which was o¡ by the 5-h time point) to basal levels. This may indicate a generalized negative regulation of the transcripts. The mean half-life of mRNA species in S. cerevisiae is about 22 min [15] and so, these data suggest a short burst of mRNA synthesis (between 0.5 and 1 h), followed by an`o¡' event. Interestingly, Sed1 is described as an abundant cell wall protein [16] and our data suggest that either the gene is transcribed for longer than most species or the mRNA persists for longer than the other species. Such di¡er-ences in stability have been reported for other gene transcripts as a method of controlling the protein copy number [17] .
In other species of yeast (e.g. C. albicans), regeneration has been suggested to occur in two stages, with an initial`quick ¢x' which forms an osmocompetent cell after 5 h, followed by further protein expression and cross-linking to give a mature cell wall [18] . It may be that the initial stage is what S. cerevisiae is attempting in this study.
It has been reported recently that a variety of cell wall proteins are secreted by spheroplasts of S. cerevisiae in a regeneration medium [19] and some of these proteins are glycosylated. Thus, post-translationally processed cell wall proteins are made by spheroplasted cells and are exported correctly to the cell wall. Our data support these observations. The failure to regenerate a cell wall is a function of the failure to assemble a cell wall at (or outside) the membrane and not of detection of the spheroplasted state (stress gene transcript levels are elevated) or attempted recovery (cell wall gene transcripts are elevated) (this paper) and protein synthesis and translocation [19] .
In conclusion, we have identi¢ed six GPI-anchored cell wall proteins encoding genes that exhibit increased mRNA levels in response to cell wall denudation (FLO1, SED1, TIR1, MUC1, EGT2 and YGR189). Other GPI-anchored cell wall genes were not transcribed detectably, despite being transcribed reportedly within the detection limits of the experiment under other growth conditions [2] , or did not show altered mRNA levels during the study. Thus, some cell wall genes do not show increased mRNA levels in the spheroplasted cells or, possibly, are transcribed only when a cell wall exists already. It is possible that some of the cell wall proteins for the six transcripts are important for early cell wall synthesis and may act as sca¡old proteins for other cell wall proteins, which in the liquid medium are never expressed. Thus, the GPI-anchored cell wall proteins may well be free from the cell membrane and, in a complete yeast cell, anchored to the cell wall as described elsewhere [3] .
